Abstract Although the sulfur-containing amino acid taurine is found in high concentrations in mammalian myocardium, its involvement in function of the cardiac myocyte remains unclear. To examine the effects of taurine depletion on cardiac mechanical function, rats were treated in vivo with the taurine transport antagonist guanidinoethane sulfonate (GES). relative to the rate of stimulation, length of rest periods, or postextrasystolic potentiation, virtually all curves were superimposable for control and taurine-depleted muscles, suggesting that the deficit was not dependent on Ca2' handling. Thus, we conclude that in taurine-depleted muscles the force-generating processes showed the same regulation as in control muscle. Furthermore, the substantial deficit in force development is consistent with a reduced population of force generators on the basis of three pieces of evidence. First, when Sr2ẁ as added to the perfusate to directly activate the contractile proteins, the substantial force deficit of taurine-depleted muscles persisted, indicating that the number of contractile elements was substantially smaller than in control muscles. Second, biochemical analysis revealed a significant reduction in the content of both actin and myosin. Third, the force induced by passive stretch was significantly smaller in taurine-depleted muscles, suggesting a loss of elastic elements. Our results offer new information regarding the etiology of cardiomyopathy induced by taurine deficiency. (Circ Res. 1994;74:1210-1219 
-mmol/L range, suggesting the presence of specific transsarcolemmal active transport mechanisms for taurine.1-3 Unlike most other amino acids, in mammals taurine is neither readily metabolized nor incorporated into cellular proteins,12 suggesting a requirement for free cytosolic taurine.
Low plasma taurine in domestic cats and foxes has been associated with spontaneous dilated cardiomyopathy and reduced myocardial contractility, which could be reversed by dietary taurine supplementation.4,5 Similar results have been observed for human patients with congestive heart failure of several etiologies.6 Prospective studies using normal cats and foxes placed on low taurine diets have shown that taurine deficiency induced decreased myocardial shortening fraction, as deter-mined in vivo by echocardiography78; in vitro evaluations of the isolated hearts have shown decrements in systolic pressure development and increments in ventricular compliance.910 In rats and mice, whose liver biosynthesis of taurine is much greater than that in cats or humans,' taurine depletion can only be achieved by chronic treatment with taurine transport antagonists, including /3-alanine or guanidinoethane sulfonate (GES).2 In previous studies, rats treated for 6 weeks with GES exhibited abnormal cardiac electrophysiology3 and reduced force generation by papillary muscles in vitro.1112 Recently, one of us (N.L.) has suggested a loss of contractile filaments as a potential cause for the deficit of force development.13 Taurine has been shown to modulate high-affinity ATP-dependent Ca>2 binding by acidic phospholipids of sarcolemmal membranes.14 '15 In addition, studies using skinned fibers isolated from normal rat hearts have suggested that exogenous taurine enhances force generation in at least three ways:
(1) by enhancing uptake and release of Ca`by the sarcoplasmic reticulum, (2) by increasing the sensitivity of myofibrils to Ca2, and (3) by increasing force generation independent of Ca>2 or ATP, perhaps by a direct interaction with troponin.16,17 Similar studies using skinned fibers from pig and embryonic chick hearts have shown that taurine was one of a very few substances that was capable of directly enhancing myocardial contractility.18 However, the mechanism behind this enhancement was not elucidated.
The present studies were designed to further investigate the mechanisms underlying the deficits in contractility produced by chronic taurine deficiency by using right ventricular trabeculas from the rat heart, a preparation that has been used extensively for monitoring sarcomere function, excitation-contraction coupling,19 intracellular Ca2' handling, and myofibrillar Ca2' sensitivity. 16, [20] [21] [22] [23] In addition to small alterations in Ca21 handling and sensitivity expected from previous studies, the results provide new insight into the mechanisms of the effects of taurine depletion, suggesting that the loss of force development is related to a reduction of the number of contractile elements.
Materials and Methods

Materials
Unless otherwise stated, all chemicals were of analytical grade and were purchased from BDH Chemicals. GES was produced as described previously.3 The antibodies against cardiac calsequestrin were supplied by Dr M. Michalak.
Taurine Depletion and Tissue Preparation
Male Sprague-Dawley rats (initial weight, 150 to 175 g) were given access to normal rat chow ad libitum, with treated rats receiving 1% GES in their drinking water.3 After a minimum of 6 weeks, the animals were anesthetized with ether, and their hearts were removed and perfused through the coronary arteries via the aorta with a modified Krebs-Henseleit buffer containing (mmol/L) NaCl 120, KCl 20, MgCl2 1.2, Na2SO4 1.2, NaH2P04 2.0, NaHCO3 19, CaCl2 0.7, and glucose 10, equilibrated with 95% 02/5% CO2 to maintain a pH of 7.4 at 22°C. This high-K' buffer facilitated further dissection by reversibly inhibiting myocardial contraction. Free-running right ventricular trabeculas, attached at the atrioventricular ring and the ventricular wall, were dissected as described previously.20 The remaining ventricular tissue was frozen and stored in liquid N2 for subsequent determination of tissue taurine, DNA, calsequestrin, and myofibrillar protein content.
Each trabecula was dissected with a block of ventricular wall to fit within a stainless-steel basket attached to a miniature strain gauge (model AE-801, SensoNor). The valvular end was fixed to a stainless-steel hook attached to the arm of a servomotor (model 300 S, Cambridge Technology) to permit changes in sarcomere length. The trabeculas were mounted horizontally in a glass-covered chamber (volume, 0.35 mL) and superfused at 5 mL/min with the Krebs-Henseleit buffer modified as follows: 5 mmol/L KCl and 1 mmol/L CaCl2 at 26°C. The muscles were observed with an inverted microscope (model Diaphot TMD, Nikon Inc) and a video system (Panasonic camera WV 3170 and recorder AG 2400). They were stimulated at 0.2 Hz with 5-millisecond pulses at 2x threshold voltage via platinum field electrodes and, under these conditions, were stable for the duration of the experiments (up to 5 hours). Except where noted, trabeculas contracted while their overall length remained constant. Each trabecula was measured with an ocular micrometer; the accuracy of the measurement was ±5 ,um for width and ±10 tlm for thickness. All force measurements were normalized to the cross-sectional area for comparisons between muscles. A video image of each trabecula was obtained through the microscope objective and was continuously monitored. Sarcomere length was measured at a nontranslating region by use of the optical diffraction technique described in detail previously. 20 A second sample of left ventricular tissue from each of six control and six taurine-depleted hearts was used for isomyosin determination by a modification of the technique described by Hoh et al. 26 Briefly, membranes were removed from = 10 mg of frozen (in N2) tissue in a buffer containing (mmol/L) Na4P207 100, EDTA 5, and mercaptoethanol 2, pH 8.8. After a 5-minute centrifugation at 2500g, the supernatant was collected and mixed with an equal volume of 100% glycerol, and protein content was determined using the Bradford method with bovine serum albumin as a standard. A total of 12 ,ug protein was loaded onto a 4% polyacrylamide tube gel (containing 20 mmol/L Na4P207). The myosin heavy chain isoforms were separated overnight by an electrophoresis system (Pharmacia GE 2/4) with recirculating running buffer (containing 20 mmol/L Na4P207, 4 mmol/L cysteine, and 10% glycerol, pH 8.8) to prevent the generation of a pH gradient in the gels.26
Tube gels were also run on which were loaded 6 gg (each) of myosin from both control and taurine-depleted myocardium or 6 jLtg (each) of purified V1 and V3 isomyosin.27 The gels were stained with Coomassie blue.
The equivalent of 100 mg wet weight of frozen powdered ventricular tissue from each of six control and six taurinedepleted hearts was homogenized in 400 ,uL of chilled buffer containing (mmol/L) KH2PO4 100, EDTA 1, and (NH4)2S04 2.44, plus phenylmethylsulfonyl fluoride (Sigma) 0.5, and benzamidine (Sigma) 0.01, and then centrifuged at 0°C for 30 minutes at 9000g. The supernatant was saved, the pellet was resuspended in 400 ,uL of the above buffer and centrifuged, and the second supernatant was combined with the first. To this was added 100 mg of (NH4)2S04, and the pH was brought to 4.7 by using 1N NaOH. The solution was stirred on ice for 3 hours before centrifuging for 30 minutes at 9000g. The pellet was resuspended in 500 pL of 0.1 mol/L KH2PO4 and 1 mmol/L EDTA, pH 7.1, and dialyzed overnight in 50 mmol/L NaCl, 0.1 mol/L KH2PO4, and 1 mmol/L EDTA. The sample was centrifuged for 10 minutes, and the supernatant was used for the determination of calsequestrin content. An aliquot containing 10 jig protein was separated using SDS-PAGE (10% gel) at neutral pH, and the proteins were transferred to nitrocellulose according to the method of Towbin et a128 and exposed sequentially to (1) rabbit anti-bovine cardiac calsequestrin antibody and (2) 
Results
After 6 weeks of treatment with GES, all animals appeared healthy. Myocardial DNA levels were similar in control (0.346±0.037 mg/g wet weight, n=9) and GEStreated (0.347+0.026 mg/g wet weight, n=14) rats. The myocardial taurine content was reduced by 61% (P<.01), time to peak force in the taurine-depleted muscles was independent of peak force. In contrast, time to peak force increased with peak force in control muscles (from 135+10 to 170±7 milliseconds for peak forces of 5%
and 100% of Ftman, respectively). When the contractility of the heart is potentiated by extrasystoles, the return to the steady-state force development is characterized by a nearly exponential decay (see Fig 5, (required to maintain muscle integrity22) and [Sr>]0 ranging from 1.5 to 15 mmol/L (see Fig 7) . Aftercon- tissue; tube 2, purified V1 and V3 myosin from normal and hypothyroid rat ventricular tissue; tube 3, 12 gg of myosin from GES-treated myocardium; and tube 4, 12 gg of myosin from control myocardium. No differences in the relative distribution of myosin isoforms were observed between the GES-treated and control hearts; both groups expressed predominantly V1 myosin.
distribution of V3 and V1 myosin isoforms were observed (Fig 8) Etm,ax that was developed by right ventricular trabeculas from taurine-depleted rats is only 50% to 60% of that developed by trabeculas from control rats (see Figs  1, 2, and 7) . Several mechanisms could account for this loss of force generation: (1) a rightward shift in the length-dependent activation of the muscle,2031 (2) decreased sensitivity of the myofibrils to available intracellular Ca> ,16 (3) curtailment of transsarcolemmal Ca>2 movement via Ca>2 channels or Nat-Ca2 exchanger,36 (4) decreased activity of the sarcoplasmic reticulum Ca2+-ATPase,16 (5) decreased sarcoplasmic reticulum Ca' storage capacity, (6) impaired sarcoplasmic reticulum Ca>2 release, (7) change in myosin isoform from V1 to V3,27 or (8) a smaller population of force-generating units. '3 As shown in Fig 1, total force rises continually with sarcomere length over the range of sarcomere lengths at which the cardiac muscle operates. Although Ft developed by the taurine-depleted trabeculas is <60% of that developed by the control trabeculas at any given systolic sarcomere length, no shift in the relative force-sarcomere length relation was observed. This suggests that the reduction of developed force was not due to a reduced level of activation of the myofibrils, because this would change the curvature of the force-sarcomere length relation from convex toward the ordinate to convex toward the abscissa.3' For the control muscles, passive force increased with increasing diastolic sarcomere length, from negligible values at 52.0 gim to values approaching 50% of active force by 2.3 ,um. Taurinedepleted muscles exhibited significantly greater compliance in response to passive stretch. However, when force development was normalized for Ftmax, the passive force-length relations of the taurine-depleted and the control muscles were not significantly different (Fig 1) . It is not likely that the deficit in force development by the taurine-depleted muscles in the presence of strontium was due to a larger tendency to develop aftercontractions, because the data actually show the opposite; ie, control muscles generated the largest aftercontractions. Second, the hypothesis that the force deficit was due to a reduction of the number of force generators is supported by the biochemical assay, which revealed a significant reduction in the content of contractile proteins in the six samples analyzed. Third, consistent with a loss of elastic elements, it was noted that compliance of the taurine-depleted muscles was significantly higher. The increased compliance was commensurate with the decrease of active force development. The latter observation would be expected if the density of myosin filaments was decreased13 and thereby the density of the titin filaments was decreased. The titin filaments are at least in part responsible for the parallel elasticity of muscle38; hence, a decrease of density of titin is expected to lead to increased compliance. One might consider the possibility that altered characteristics of the passive elements of the taurine-depleted muscle might underlie the increased compliance. This possibility cannot be ruled out on the basis of our data. However, it is unlikely that changes in the characteristics of the passive elastic structures underlie the reduction of active force development, because the latter has been measured at known sarcomere length and after correction for the contribution of passive elastic force at that sarcomere length. Conclusion In conclusion, although previous work in normal trabeculas and myocardial preparations has emphasized interactions of taurine and sarcoplasmic reticulum Ca2' dynamics, our data suggest that the Ca2+-handling processes involved in excitation-contraction coupling are only mildly affected by taurine depletion under the conditions of our experiments. Instead, we suggest that the inability of the taurine-depleted myocardium to generate Ftma, is closely related to a loss of contractile proteins. This is the first report of a direct link between functional changes and a loss of force-generating units, both passive and active, in taurine-depleted hearts. This loss of force-generating units in the rat myocardium may which these experiments were performed, because little explain the observation that systolic pressure development is reduced and that diastolic compliance is enhanced in the ventricles of taurine-deficient cats. 9, 10 Finally, and of relevance to congestive heart failure in general, several studies have suggested that taurine supplementation improves the clinical status of patients suffering from this syndrome6'39 and improves cardiac function in animal studies of heart failure. 40 The present study suggests a mechanism for a beneficial effect of taurine, meriting further investigation. Taurine has been shown to protect the myocardium by reducing Ca 2+ overload41-43 in ischemia and on exposure to catecholamines, both of which are essential in the development of heart failure secondary to coronary artery disease. The protective effect requires a high intracellular taurine concentration to drive cotransport of taurine with Na+ and Cl-4445 and thereby diminish intracellular Na+ and Ca' levels.46 It follows that repeated ischemic insults and excessive exposure to catecholamines are bound to cause taurine depletion41 and weaken this defense. Our data suggest that taurine depletion may worsen heart failure by causing reduced force generation that is due to its effect on the contractile apparatus.
